The modulation of utrophin gene expression in muscle by the nerve-derived factor agrin plausibly involves the trophic factor ARIA͞heregulin. Here we show that heregulin treatment of mouse and human cultured myotubes caused a Ϸ2.5-fold increase in utrophin mRNA levels. Transient transfection experiments with utrophin promoter-reporter gene constructs showed that this increase resulted from an enhanced transcription of the utrophin gene. In the case of the nicotinic acetylcholine receptor ␦ and subunit genes, heregulin was previously reported to stimulate transcription via a conserved promoter element, the N-box, which binds the multimeric Ets-related transcription factor GA binding protein (GABP). Accordingly, site-directed mutagenesis of a single N-box motif in the utrophin gene promoter abolished the transcriptional response to heregulin. In addition, overexpression of heregulin, or of the two GABP subunits in cultured myotubes, caused an N-box-dependent increase of the utrophin promoter activity. In vivo, direct gene transfer into muscle confirmed that heregulin regulates utrophin gene expression. Finally, electrophoretic mobility shift assays and supershift experiments performed with muscle extracts revealed that the N-box of the utrophin promoter binds GABP. These findings suggest that the subsynaptic activation of transcription by heregulin via the N-box motif and GABP are conserved among genes expressed at the neuromuscular junction. Because utrophin can functionally compensate for the lack of dystrophin, the elucidation of the molecular mechanisms regulating utrophin gene transcription may ultimately lead to therapies based on utrophin expression throughout the muscle fibers of Duchenne muscular dystrophy patients.
Duchenne muscular dystrophy (DMD) is the most prevalent primary myopathy because it affects Ϸ1 out of every 3,500 male births (1) . The disease is characterized by repeated cycles of muscle degeneration͞regeneration with an eventual failure to regenerate leading to the replacement of muscle fibers by fat and connective tissues. DMD progresses rapidly because patients are functionally impaired before their teen years and death usually occurs in the second or third decade of life, most often as a result of respiratory or cardiac failure. The genetic defect underlying DMD was simultaneously mapped to chromosome Xp21 in different laboratories (for reviews, see refs. 2 and 3). The gene responsible for this disease was termed dystrophin, and it codes for a large cytoskeletal protein known to accumulate at the sarcolemma of muscle fibers. Mutations and͞or deletions of this gene, as seen in DMD, lead to an absence of full-length dystrophin, thereby making muscle fibers extremely fragile to the effects of repetitive cycles of muscle contraction and relaxation. Although several therapeutic strategies have been envisaged, including dystrophin gene replacement and pharmacological interventions (see refs. [4] [5] [6] , there is currently no cure available for DMD.
Several years ago, an autosomal homologue to dystrophin was identified (7) . This gene, now referred to as utrophin, also codes for a large cytoskeletal protein (8) . In contrast to the homogeneous distribution of dystrophin along muscle fibers, utrophin preferentially accumulates within the postsynaptic domain of the neuromuscular junction in both normal and DMD muscle fibers (9) (10) (11) (12) . Because of the high degree of sequence identity between dystrophin and utrophin as well as their ability to bind a group of proteins referred to as the dystrophin-associated proteins (13) , it has been suggested that increased expression of utrophin into extrasynaptic regions of dystrophic muscle fibers may represent an alternate therapeutic strategy for DMD (14, 15) . Recent studies using transgenic mouse model systems have clearly demonstrated that expression of utrophin throughout muscle fibers can indeed functionally compensate for the lack of dystrophin and hence, prevent the muscle pathology (16) (17) (18) . It thus becomes important to elucidate the molecular and cellular mechanisms presiding over utrophin expression at the neuromuscular junction to ultimately modulate specific regulatory events that could lead to expression of the endogenous gene product along the length of dystrophic muscle fibers.
In a recent series of studies, we began to examine the role of the nerve in regulating utrophin expression at the neuromuscular junction. Initially, we showed that local transcriptional activation of the utrophin gene in myonuclei located within the postsynaptic sarcoplasm contributes to the synaptic localization of utrophin (19) . We have next examined the contribution of nerve-derived trophic factors in the regulation of utrophin in muscle cells and showed that agrin induced the expression of utrophin in cultured muscle cells via a transcriptional regulatory mechanism (20) . ARIA-heregulin, another nerve-derived trophic factor, is known to regulate acetylcholine receptor (AChR) subunit gene expression (for reviews, see refs. 21 and 22) . In addition, agrin is thought to stimulate transcription of the AChR genes via heregulin. In the present study, we demonstrate that heregulin modulates utrophin gene expression and analyze the molecular mechanisms of this regulation in cultured myotubes and in muscle fibers in vivo.
METHODS
Tissue Culture. Mouse C2 muscle cells were cultured as described (20) . Normal human skeletal muscle cells were obtained from Clonetics-BioWhittaker (San Diego), and they were grown and maintained according to the supplier's rec-ommendations. Three-to five-day-old myotubes were treated with 3 or 30 nM heregulin (kindly supplied by M. Sliwkowski, Genentech) for 48 hr.
RNA Extraction, Reverse Transcription, and PCR. Total RNA was extracted from samples by using Tripure as recommended by the manufacturer (Boehringer Mannheim). The RNA concentration was determined by using a GeneQuant II RNA͞DNA spectrophotometer (Amersham Pharmacia), and the samples were rediluted to a final concentration of 50 ng͞l. Only 2 l (100 ng of total RNA) of this dilution was used for reverse-transcription and amplification with the PCR.
Reverse transcription-PCR analysis was performed to strictly determine the relative abundance of transcripts under different experimental conditions. Utrophin cDNAs were specifically amplified by using primers synthesized on the basis of available sequences for human (10) and mouse (20) cDNAs. PCR experiments were performed as described elsewhere (20) . Typically, 30-36 cycles of amplification were performed because control experiments showed that these cycle numbers were within the linear range of amplification. After amplification, PCR products were separated on ethidium bromidestained agarose gels, and the size of the products was estimated by using the 100-bp molecular mass marker (GIBCO͞BRL). For quantitative assays, the PCR products were separated on Vistragreen (Amersham)-containing gels and the fluorescent intensity of the products, which is linearly related to the amount of DNA, was quantitated by using a Storm PhosphorImager (Molecular Dynamics) and analyzed by using the accompanying IMAGEQUANT software (Molecular Dynamics). In these assays, we verified that equal amounts of total RNA were indeed used for each sample by monitoring from the same reverse transcription mixtures, the abundance of either S12 rRNA or glyceraldehyde-3-phosphate dehydrogenase (23) .
Expression of Utrophin Promoter-Reporter Gene Constructs. In these experiments, we used the same human utrophin promoter-reporter gene constructs that we recently described (see refs. 19 and 20) . Specifically, we used the 1.3-kb utrophin promoter fragment and the N5 N-box mutant. These promoter fragments were inserted upstream of the reporter gene LacZ and a nuclear localization signal. In addition, we used plasmids containing the heregulin ␤ cDNA driven by the cytomegalovirus promoter, and the GA binding proteins ␣ and ␤ (GABP ␣ and ␤) cDNAs placed downstream of the murine sarcoma virus promoter (24) . Plasmid DNA was prepared by using the Qiagen (Chatsworth, CA) Mega-Prep procedure.
C2 myoblasts were transfected with 3 g of the appropriate utrophin promoter-reporter gene construct by using the Mammalian Transfection System-Calcium Phosphate kit (Promega). Once the cultures became confluent, the medium was switched to the differentiation medium and treated with heregulin as described above. Forty-eight hours later, cells were scraped into 300 l of 1ϫ Reporter Lysis buffer (Promega) and freeze thawed twice. After centrifugation, the supernatants were collected and the level of ␤-galactosidase (␤-gal) activity was determined by using a luminescent assay (Luminescent ␤-gal Enzyme Kit; CLONTECH) and normalized to a cotransfected chloramphenicol acetyltransferase (CAT) plasmid (Promega) and protein content. CAT activity was determined by using a CAT Enzyme Assay system (Promega), and protein content was determined by the bicinchoninic acid method (Pierce).
For direct gene transfer into mouse tibialis anterior (TA) muscles, experiments were performed as described (19, 20, (25) (26) (27) . Briefly, 25 l of DNA solution was injected directly into TA muscles of 4-week-old mice. Muscles were excised 2 weeks later, frozen in liquid nitrogen, and homogenized in . After centrifugation, the supernatants were collected and the activities of ␤-gal and CAT were determined as described above.
Muscle Extracts and Electrophoretic Mobility Shift Assays. Muscle extracts were prepared as described (26) . Electrophoretic mobility shift assays were performed by using 32 Plabeled probes encompassing the utrophin N-box region (sense: 5Ј-GGCTGATCTTCCGGAACAAAGT-3Ј and antisense: 5Ј-ACTTTGTTCCGGAAGATCAGCC-3Ј). The binding reaction mixture included 0.2 ng of labeled probes, 1.0 g of poly(dI-dC), and 20 g of muscle extract and was incubated for 30 min on ice before electrophoresis in a 5% polyacrylamide gel. The specificity of the binding reaction was assessed by adding a 50-or 500-fold molar excess of unlabeled probe in the reaction mixture. For the supershift assays, antibodies to GABP ␣ and ␤ were kindly provided by Steve McNight (Tularik, San Francisco). These antibodies were added to the reaction mixture for 20 min on ice after the initial 30-min incubation and before electrophoresis.
RESULTS
In a first set of experiments, we examined whether heregulin increased utrophin gene expression in cultured myotubes. In comparison with untreated cultures, we found that the levels of utrophin transcripts were increased by heregulin treatment (Fig. 1A) . The abundance of utrophin mRNA was Ϸ2.5-fold higher (P Ͻ 0.05) after treatment with either 3 or 30 nM heregulin (Fig. 1B) . By contrast, treatment of myotubes with epidermal growth factor, platelet-derived growth factor, and insulin-like growth factors I and II, which are known to influence expression of muscle proteins in tissue culture (28), failed to modify expression of utrophin transcripts (data not shown). Consistent with the results obtained with mouse muscle cells, we also noted that treatment of human myotubes with either 3 or 30 nM heregulin also led to a Ϸ2-fold increase in utrophin mRNA levels (Fig. 2) .
To determine whether the increase in utrophin transcripts after heregulin treatment resulted from enhanced transcriptional activation of the utrophin gene, we next transfected C2 myoblasts with plasmids containing the reporter gene LacZ driven by the 1.3-kb wild-type utrophin promoter or its N-box mutated counterpart (see N5 mutant construct in ref. 20) and treated myotubes for 48 hr with heregulin. As illustrated in Fig.  3A , we observed a significant increase (P Ͻ 0.05) in the expression of ␤-gal in cells transfected with the construct containing the wild-type promoter fragment and treated with heregulin. Moreover, expression of the reporter gene was not affected after heregulin treatment in cultures transfected with constructs containing the N5-mutated utrophin promoter fragment. Similarly, cotransfection of C2 cultures with plasmids containing the cDNAs of heregulin or the two subunits of GABP driven by constitutive promoters and the wild-type utrophin promoter fragment caused an increase in the expression of the reporter gene (Fig. 3B) . In parallel, cultures transfected with plasmids containing the N-box mutant promoter construct, and overexpressing either heregulin or GABP ␣ and ␤, failed to affect expression of ␤-gal.
To verify that similar regulatory mechanisms could contribute to the regulation of the utrophin gene in vivo, we performed a series of experiments in which plasmid DNA was directly injected into mouse TA muscles. In comparison with injection of the 1.3-kb utrophin promoter-reporter gene constructs, coinjection with a plasmid containing the heregulin cDNA constitutively expressed led to a Ϸ2-fold increase (P Ͻ For all these experiments, the levels of ␤-gal activity were determined and normalized to CAT and protein content. Asterisks denote significant differences from control levels (Student's t test, P Ͻ 0.05).
0.05) in the expression of ␤-gal (Fig. 4A) . In these experiments, we also examined the contribution of GABP ␣ and ␤ in the control of utrophin gene expression in vivo. As shown in Fig.  4A , coinjection of the wild-type utrophin promoter construct with plasmids constitutively expressing GABP ␣ and ␤ also caused a significant increase (P Ͻ 0.05) in the activity of the reporter gene.
Finally, to confirm the binding of GABP to the N-box present in the utrophin promoter, we performed a series of electrophoretic mobility shift assays using muscle extracts and probes encompassing the utrophin N-box region. In these experiments, we observed specific protein binding activity that was competed by an excess of unlabeled oligonucleotides (Fig.  4B) . Furthermore, this binding activity was supershifted by incubating the reaction mixtures with antibodies against GABP ␣ or ␤, thereby confirming the involvement of these subunits from an Ets-related protein in the transcriptional regulation of the utrophin gene.
DISCUSSION
Recently, we showed that maintenance of high levels of utrophin at the neuromuscular junction involved the local transcriptional regulation of the utrophin gene in myonuclei of the postsynaptic sarcoplasm (19, 20) . In addition, we demonstrated the important contribution of the nerve in maintaining utrophin expression because induction of ectopic synapses at sites distant from the original neuromuscular junctions resulted in the appearance of utrophin at these newly formed synaptic contacts (19) . Because expression of utrophin is largely insensitive to nerve-evoked electrical activity (29, 30) , we postulated that expression of utrophin in muscle is strictly positively regulated in the subsynaptic myonuclei by trophic factors (15) . In the present study, we show that the trophic factor heregulin, which is concentrated at the neuromuscular junction (for a review, see ref. 21 ), can increase utrophin gene expression in cultured muscle cells as well as in muscle fibers in vivo.
It is well established that ARIA͞heregulin exerts a profound influence on expression of the AChR subunit genes in myogenic cells maintained in culture (for reviews, see refs. 21 and 22) . Such observation has led to the notion that the localization of this molecule under nerve terminals and its subsequent interaction with ErbB receptors located on the postsynaptic membrane of the neuromuscular junction trigger a signaling cascade that culminates in the local activation of specific AChR subunit genes within myonuclei of the postsynaptic sarcoplasm (31) (32) (33) . Until recently, the nature of the signaling pathway involved in this trans-synaptic control of gene expression was unknown. However, promoter analysis has led to the identification of a DNA element termed N-box that is critical for the synapse-specific expression of the AChR ␦ and subunit genes (26, 27) . Additional studies have shown that the N-box plays a central role in the transcriptional activation of AChR genes by heregulin. These studies demonstrated that the response to heregulin involved binding of Ets transcription factors to the N-box (24, 34) . The candidate factor implicated in this regulation was shown to be the multimeric Ets-related factor GABP (24), a finding recently confirmed by Fromm and Burden (35) . Interestingly, it was also shown that the Ras͞ mitogen-activating protein kinase pathway, through which heregulin stimulates AChR genes transcription (36, 37) , controls the N-box-dependent response to heregulin and modulates the phosphorylation of GABP (24) . Taken together, these data are consistent with a model whereby selective expression of AChR subunit genes at the neuromuscular junction is achieved via interaction of heregulin with ErbB receptors, which in turn, results in the transactivation of AChR subunit promoters through Ets-related transcription factors binding to the N-box motif. Our current results showing that heregulin and GABP ␣ and ␤ increase utrophin gene expression in muscle cells via the N-box, are consistent with this model. A conserved mechanism involving the N-box and GABP may thus regulate the expression of multiple synapse-specific genes at the level of the fundamental nuclei.
In a recent study, we showed that treatment of myogenic cells in culture with agrin increased the expression of utrophin via a transcriptional regulatory mechanism involving the Nbox (20) . However, the exact nature of the regulatory events underlying this increase in utrophin expression remained Mouse TA muscles were coinjected with plasmids containing the wild-type human utrophin promoter fragment along with plasmids encoding heregulin or GABP ␣ and ␤, and the level of ␤-gal activity was determined 2 weeks later and normalized to CAT and protein content. Asterisks denote significant differences from control levels (Student's t test, P Ͻ 0.05). (B) The Ets-related transcription factor GABP binds to the N-box motif contained within the utrophin promoter. DNA-binding activity to the N-box motif (solid arrow) was detected by using electrophoretic mobility shift assays and extracts from TA muscles. This band was competed by incubation with either 50 or 500 M excess of wild-type (WT) unlabeled probe. In addition, this band was supershifted (open arrow) by an additional incubation with antibodies against either GABP ␣ and ␤, but not by incubation with the preimmune serum. (Lower) Unbound radioactivity. unclear. In this context, it is noteworthy that Brenner and colleagues have shown that agrin treatment enhances the transcription of the AChR subunit gene in cultured muscle cells (38, 39) , by first inducing the local accumulation of muscle-derived heregulin and its ErbB tyrosine kinase receptors, subsequently leading to the transcriptional activation of the AChR subunit gene via an autocrine͞paracrine pathway (40) . Based on our current findings showing that overexpression of heregulin in muscle cells increases utrophin gene expression, it is likely that a similar mechanism accounts for the increase in utrophin expression after agrin treatment. Recent studies performed with transgenic mouse model systems have revealed that an increase in the expression of utrophin in extrasynaptic compartments of dystrophic muscle fibers prevents the occurrence of the muscle pathology (16) (17) (18) , thereby indicating that up-regulation of utrophin is indeed a viable approach for treating DMD. Therefore, the results demonstrating that both agrin and heregulin can modulate expression of the utrophin gene in myogenic cells in culture (this study and ref. 20) as well as in muscle fibers in vivo (this study and refs. 41 and 42) have definite implications for the treatment of DMD because they offer the possibility to pharmacologically stimulate the signaling cascade that links events taking place at the membrane to alterations in utrophin gene expression. In this context, our results showing that heregulin treatment increased expression of utrophin transcripts not only in mouse muscle cells but also in human myotubes is particularly relevant because they provide the necessary basis to begin designing specific pharmacological interventions in a clinically relevant system. 
